Abstract: Compared with the southwest monsoon, the mechanisms and history of northeast monsoon (NEM) variability over South Asia are poorly known. The NEM nevertheless contributes !/50% of rainfall to semi-arid southeast India, and has underpinned the success, over the last 2000 years, of a widespread indigenous water resource management system based on rainwater harvesting and storage in man-made lakes. Based on a power spectrum analysis of 60-to 100-yr instrumental rainfall records, we show that NEM rainfall is both chaotic in the high-frequency time domain and spatially unpredictable, but that the sustainability of the agricultural water-harvesting infrastructure is tied to excess rain from NEM cyclones. Cyclonic activity has declined sharply since 1977. Based on twentieth-century analogues, we propose a qualitative model in which storminess decreases when NEM wind intensities increase and Eurasian winter temperatures are anomalously low. Extrapolating to the Holocene time frame, model expectations for the palaeorainfall record correlate with the independently established chronologies of Indian runoff-irrigation development and the 'Mediaeval Warm Period' Á'Little Ice Age' oscillations, and further suggest that NEM and SWM rainfall anomalies have covaried with the same sign from seasonal to millennial timescales. The fortunes of the reservoir system are therefore tangibly climate-driven.
Introduction
Whilst the societal consequences of the 'Mediaeval Warm Period' (MWP) and 'Little Ice Age' (LIA) are well documented around the North Atlantic (eg, Grove, 1988) , links between climate and socioeconomic change in the Tropics are only slowly emerging (DeMenocal, 2001 ) and often formulated in dramatic terms of collapse (Haug et al., 2003; Diamond, 2005) . Humanity and the environment, however, co-evolve, and many civilizations have thrived in environments with large climatic variability. For 2000 years, runoff harvesting practices in India have nurtured c. 200 000 irrigation reservoirs called 'tanks' (Figure 1a, Figure 2) .
The tank, a generic term used since early colonial times after a Portuguese word meaning 'lake' (tangue, also in French: étang), is a man-made reservoir designed to extend the availability of water for agricultural and domestic use in a highly seasonal, semi-arid climate. The main purpose of tank irrigation has been subsistence paddy cultivation, with an increasing proportion of cash crops since the nineteenth century. Runoff harvesting involves the construction of a small dam or bund across the paths of channelled or unchannelled flow in the gently undulating topography, thereby defining an upstream contributing catchment and a downstream irrigated area where water is redistributed by a network of small canals. Ponded water is stored during the rainy season, and progressively released during the first few months of the subsequent dry season, either to grow a second (irrigated) crop or at least to supplement a first (rainfed) crop during particularly dry years. Tanks tend to be intensively interlinked and often form chains along topographic gradients. Only a minority are fed directly by canals diverting stream flow from large rivers. In these cases, the canal linking pre-existing reservoirs was dug at a later date, as an exceptional endowment from the soverign to a paricularly loyal overlord. Even though tanks suffer evaporative losses as well as seepage, even when they are well maintained, their antiquity, functionality and ubiquity at a subcontinental scale suggests that their advantages have long outweighed their disadvantages in the relatively inhospitable dry areas of South India.
Today, tanks remain the hallmark of the agrarian economy in semi-arid South India (Figure 1b, c) . Their presence in the landscape remains, but their ongoing decline as instruments of irrigation is commonly attributed to human causes such as bad governance (eg, Agarwal and Narain, 1997 Singh et al., 1992) . Dashed lines: exceedance probability envelopes of rainfall during NEM season (after Singh et al., 1992) . Numbers refer to scaled and grey-coded annual rainfall regime curves in (c). Rainfall curves in (c) are all to scale, with months from January to December on the x axis, and rainfall on the y axis. This allows relative comparisons. (d) Rainfall gradient (isohyets in m) of study area. (e) Station-wise SD of the mean (in m). P: Pudukottai town (see Figure 4) . Thick black line: Western Ghats Figure 2 Satellite image (IRS) of a southeast Indian landscape festooned with tanks. Loss of reservoir capacity resulting from silting is visible where black (vegetated sediment) or white (unvegetated sediment) restricts water spread to a thin crescent behind the reservoir dam. Bar scale provides a measure of variability in individual tank size sustainability of water management is essential to stemming rural depopulation and the related growth of large cities, and societal and economic causes, to which we return in the discussion, are indisputably part of the equation (Gunnell and Anupama, 2003) . However, obtaining constraints on the contributing effects of current and past climatic change is also key to understanding external causes of variability in the system, and to avoid misjudging the true scope for adaptive strategies. This paper examines the instrumental and preinstrumental records of northeast monsoon (NEM) variability in southeast Tamil Nadu, and interprets the long-term success of the rainwater harvesting system in the light of the recent crisis in rainwater availability for irrigated and rainfed agriculture.
Method
To identify periodicities in NEM rainfall, we took two complementary approaches. Initially, we performed power spectrum analyses of the 1941 Á2000 rainfall record for 42 stations distributed throughout the historical core zone of indigenous South Indian irrigation (Figure 1d , e; the list of rain gauge locations can be provided on request to the corresponding author). Monthly rainfall data were obtained from the French Institute of Pondicherry climatic data bank, and from the Tamil Nadu Statistics Office. Given that the NEM rainfall season lasts from October to December, we used three-month averages, hence eliminating as noise other months, which are largely irrelevant to irrigation water storage and carry-over. The data, containing no gaps, extend from 1941 to 2000, but for two stations we were able to use 103-yr series (1901 Á2004) . None of the statistical trends in the 103-yr series contradicted conclusions drawn from the 60-yr trend.
Power spectrum analysis aims to extract periodicities embedded in a noisy data set and establish whether the variable behaves linearly (and hence predictably), chaotically (ie, with limited predictability) or randomly (ie, totally unpredictably, and therefore evading all possibility of forecast). With Fast Fourier Transform analysis, if the power of the time series for each station is distributed across several frequency bands, establishing whether or not it was purely stochastic relied on a statistical significance test in which 10 000 60-yr rainfall series were generated randomly. Such a power spectrum corresponds to white noise. The mean relative variance of that spectrum was taken as the threshold below which the power spectrum of any real rainfall series was considered as white noise. On that basis, we found that harmonics scoring less than 10% and 15% relative variance were to be rejected as white noise at the 95% and 99% significance levels, respectively.
The second approach involved the analysis of trends in annual rainfall excesses and deficits based on normalized rainfall data and 3-yr moving averages between 1941 and 2000. The aim was to verify the veracity of claims made by farmers and retired agricultural officers in first-hand interviews and surveys that rainfall had been declining in the last 25 years, and that the best years for tank irrigation in the past were cyclone years. The moving-average approach based on normalized data helped to capture temporal trends for each rainfall station and to define homogeneous geographical clusters of stations with similar 60-yr histories. Given, further, that records of storm trajectories in the Indian Ocean and South Asia are available since 1945 (Unisys, 2003), we also examined how closely rainfall-excess years correlated with known storm or cyclone landfalls occurring in southeast Tamil Nadu.
Results

Climatic basis for the development of the cultural landscape in South India
Depending on the station, periodicities peaked at 2.1, 3.3 or 5.5 yr. However, the maximum relative variance explained by any single harmonic was B/15%. A few maxima are significant at the 95% level, the entire data set being white noise at the 99% level. Furthermore, variance maps for each harmonic exhibit considerable spatial scatter (Figure 3) . The 2 Á3 yr harmonic has previously been detected in both longer and shorter rainfall series covering large sets of rainfall stations across South Asia for both the NEM (Dhar et al., 1982) and the southwest monsoon (SWM; Li and Zhang, 2002) , and seems therefore to be common to Indian climates in all seasons. It expresses the Tropospheric Biennial Oscillation (TBO), which is distinct from, and uncorrelated with, the stratospheric Quasi-Biennial Oscillation (Baldwin et al., 2001; Á another atmospheric phenomenon with similar behaviour in the time domain but of little relevance to the rainfall pattern of South India. However, the weak TBO signal remains embedded in a chaotic NEM rainfall pattern of little practical value for rainfed agricultural forecasting. It only became possible to generate patterns locally explaining 14 to 50% of the total variance by aggregating frequency peaks within the 2 Á3 yr frequency band (Figure 3) . However, the statistical power gained from artificially lumping peaks between 2 and 3 years represents a loss of predictive accuracy for (particularly rainfed) agriculture, which in a highly seasonal climate requires monthly precision. Determining the chaotic nature of the rainfall pattern also partly depended on the stringency of the significance tests applied to the time series. Nevertheless, for the specific application of agroclimatic forecasting, we favoured a Type II error, emphasizing that the rainfall series in the low frequency domain is far more chaotic than highly structured. The variability of the TBO shown in Figure 3 is tied to one or several of the currently debated forcing mechanisms (Li and Zhang, 2002) : local sea Áair interactions, remote zonal 2 ≤ P < 3 yr Bay of Bengal
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Figure 3 Relative variance maps of the most prominent rainfall cyclicity patterns in southeast India based on a FFT analysis of 60-yr rainfall series. Values represent the sum of relative variance scores (in %) for all harmonics contained in the 2-to 3-yr (eg, 2, 2.1, 2.33, 2.4, etc. years) and 5-to 6-yr period intervals, respectively. Collectively, the 2 Á3-yr class defines the TBO. Open circles represent stations that failed the significance tests. If disaggregated into individual peaks (eg, P0/2.1 presented separated from P0/2.33, etc.), few of the relative variance scores would pass the significance tests applied
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ocean Áatmosphere interactions in the Indo-Pacific Tropics, and meridional teleconnections between tropical and midlatitude circulation. How the TBO resonates with the El Niñ o Southern Oscillation (ENSO), which is also detected in our second-and third-ranking power spectrum peaks (3 Á8 years), and whether the two oscillations are one system or effectively two different modes, is also moot (Baldwin et al., 2001; .
The importance of cyclonic storms
The tank system has grown from a rich base of empirical knowledge about the peculiarities of the local environment. Based on the finding that NEM rainfall is essentially chaotic in the time domain at low frequencies, except for a weak 2 Á3 yr signal, we interpret the strategy underpinning the tank system as geared to correcting the spatio-temporal heterogeneity and low predictability of rainfall by harnessing rainwater through a dense (up to 4 per km 2 ) and widely distributed net of interconnected reservoirs, and managing it as a common property resource (CPR). Extensive perusal of 1:50 000 topographic maps reveals that all areas exhibit a mixture of small and large tanks (cf. Figure 2 ). Because they perform as flashflood moderators, river-flood absorbers as well as droughthazard mitigation structures, larger tanks are calibrated to accomodate larger storm floods. The long-term efficiency and success of the system thrives on extreme rainfall events rather than on the steadiness of averages.
A synthesis of the normalized rainfall data shows that at every station, each winter month that rainfall exceeded '/1.5 SD (standard deviation) of the 60-yr mean, coincided with a Bay-of-Bengal storm having struck land in the study area (Unisys, 2003; Figure 4) . It follows that smaller tanks are therefore designed for ensuring minimum food security (one crop: system in low gear) during drier years, while larger ones are engineered for big occasions (ie, two crops, allowed by the rainfall surpluses). Though used only sporadically, and thus wasteful of space, the larger tank is the one by which prosperity comes when rains are plentiful. It therefore constitutes treasured cultural as well as economic capital (Mosse, 2003) . Overall, the system provides a remarkable example of longterm environmental variance management (Gunnell and Anupama, 2003) .
Decline in rainfall surpluses and storminess since 1977
The supply of water surpluses is random both in time and space, with an equal number of years with rainfall exceeding '/0.5/(/0.5 SD and '/1/ (/1 SD between 1941 and 2000. As a further indication of randomness, the annual number of storms striking the coastline between 1877 and 1977 fits a Poisson probability model (Mooley, 1980) . Crucially, however, drought anomalies become much more frequent after 1977 (Figures 4  and 5) . Emergence of this pattern from the chaotic behaviour in the high frequencies suggests that a decline in NEM storminess is driving the current decline of runoff irrigation. The decline, after 1977, of hydrologic surpluses at stations across the study area is systematically more accentuated in the drier continental hinterland, which is most dependent on tank irrigation, than in the coastal and Cauvery delta regions, which receive greater rainfall totals. This suggests decay of weather systems with distance from the coastline, and hence a permanent agroclimatic advantage of the coastal belt. Disaggregation of the data into station-wise trends, however, reveals that for a given cyclonic storm striking the area (Figure 6 ), not all stations will record rainfall in excess of '/1.5 SD of the 60-yr mean. Outside the storm epicentre, which affects a small cluster of stations, rainfall may exceed the mean by '/1.5, '/2, '/3 or even '/4 SD, but the record at a few stations will also be B/'/1.5 SD. Locally it may even be less than the long-term mean. This suggests that even when the cause of excess rainfall is a synoptic-scale cyclonic disturbance, spatial scatter in the rainfall pattern is pronounced. Although the decline in rainfall surpluses after 1977 was systematic throughout the region, a minority of stations clustering in the centre of the Cauvery delta recorded relatively greater surpluses after 1977 ( Figure 5 ). We attribute this regional 'anomaly' to the Cauvery delta having repeatedly been an epicentre for the few high-intensity cyclonic landfalls of the 1978 Á2000 period. The reason could be that the delta is the only area of southeast Tamil Nadu involving year-round wet-rice cultivation (by canal irrigation derived from the perennial Cauvery river, and by widespread groundwater irrigation). The resulting amphibious conditions mimic ocean surface conditions and probably focus moist air convection and rainfall despite being on land. This reveals some influence of land cover mosaics, but mismatching precipitation histories (ie, unexplained variance) at rain gauge stations B/25 km apart in the continental interior confirms the role of chance in the location of cyclone landfall and annual rainfall distribution.
Incomplete data
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Discussion: using the modern analogue to elucidate NEM variability in past centuries A qualitative model of long-term NEM variability
We now discuss the meteorologic process underpinning this recent situation, and examine how it might, by extrapolation, illuminate pre-instrumental climatic variability and the known history of tank development during the last c. 2000 years. Previous work has shown that intensified SWM winds correlate with enhanced summer precipitation in India at all timescales (Duplessy, 1982; Sarkar et al., 1990; Kudrass et al., 2001; Gupta et al., 2003) , but links between NEM-season rainfall and NEM wind intensity based on the instrumental record (1871 Á1984) indicate the reverse (Cadet and Diehl, 1984) : above-normal rainfall totals correlate with lower NEM wind strengths. In detail, SWM precipitation is also spatially variable, and hence not linearly proportional to wind strength (Ramesh, 2001) . Nevertheless, long instrumental records have shown that the wider the geographic area of India receiving above-normal SWM rainfall (Figure 1b) , the wider the area of southeast India receiving surplus rainfall during the consecutive NEM season (Singh et al., 1992; Singh, 1995; Singh and Sontakke, 1999) .
Here, we use this fundamental relationship as a proxy for inferring poorly known past NEM fluctuations. Scaling up from the instrumental time frame and substituting MWP ÁLIA and glacial Áinterglacial cycles for seasonal cycles of the calendar year, relative abundances of foraminifers in cores from the Arabian Sea (Ramesh, 2001; Anderson et al., 2002; Gupta et al., 2003) The consistency of that relationship across timescales suggests that a key driving mechanism links the strength of the NEM with storm activity. The model underpinning this proposition considers the SWM ÁNEM system partly as a gigantic oscillatory land Ásea breeze (Webster, 1987; Kudrass et al., 2001) , driven by temperature differences between the Northern Hemisphere and the Indian Ocean, but also as a component of the planetary Trade Wind system (Gadgil, 2003) . The NEM thermal circulation cell is typically 3 Á4 km deep and capped by the Subtropical Westerly Jet (SWJ) flowing south of the Tibetan plateau at 5 Á10 km a.s.l. (Figure 7 ). Dynamic subsidence of the SWJ over north India (Webster, 1987) determines the deepening and broadening of the thermal circulation cell, and hence NEM wind strength. For instance, during the November 1968 drought in Tamil Nadu, the SWJ was exceptionally strong and flowing at anomalously low latitudes south of Tibet (Ramaswamy, 1972) . This coincided with cold equatorward surges from the Arctic into Europe and North America. This coupling mechanism suggests that while the thermal NEM cell drives the baseline situation corresponding to the sea-breeze analogue, the upper tropospheric and SWJ-related dynamic component steers the variability. Scaling up MWP-type conditions, it should follow that relative warming of Eurasia weakens the upper westerlies (because of weakening of the upper tropospheric low over the North Pole) in addition to reducing the thermal component of the NEM. As a consequence, the dynamic component of the NEM is attenuated and NEM wind strengths diminish, thereby permitting deeper tropospheric convection and affording greater opportunities for storminess over South Asia from October to December (Figure 7 ). This qualitative model is supported by a record of warmer conditions in the southern Tibetan Plateau between AD 1150 and 1380 (Yang et al., 2001) , ie, during the MWP. During such times of a warmer Eurasia, South India would have been wetter in both summer and winter because of enhanced SWM activity and NEM storminess, respectively. For symmetric reasons, India would have become drier, on average and in all seasons, during the LIA. This chronology of wetter MWP and drier LIA trends has been directly and precisely confirmed for South India on the basis of radiocarbon-dated speleothems in the Western Ghats (Yadava and Ramesh, 2005) , where the rainfall regime is exclusively dominated by the SWM (cf. Figure 1) . Testing the robustness of our qualitative model against independent data for southeast India remains, however, a challenge because, unlike northwest (Pandey et al., 2003; Staubwasser et al., 2003) and southwest India (Yadava and Ramesh, 2005) , direct reconstructions of pre-instrumental NEM variability based on geological proxies are scarce. As a consequence, historical records remain the principal source.
Tank history as an independent test of the NEM variability model
During the Iron Age (ie, prior to AD 250 and as early as 1200 BC in South India according to some authors) and pre-Iron Age period (eg, Dhavalikar, 1988) , ash mounds (eg, Allchin and Allchin, 1982) and megalithic burial complexes (Leshnik, 1974; Heitzman, 1997; Darsana, 1998; Rajan, 1998 Rajan, , 2003 suggest that semi-nomadism remained the solution to interannual rainfall variability. Not only does this remain a key strategy in seasonally dry regions with little or no mixed farming and low population densities, such as sub-Saharan Africa where Peul herders follow the latitudinal migration of the intertropical convergence zone; but it also represents an option in contemporary agropastoralist communities of India, where in the context of a drought or famine, mobile pastoralism has been shown to take on a special relevance (Ratnagar, 2004) . Such flexible human responses blur conventional distinctions between nomadism and sedentism. The reservoir system of irrigation in South India probably started with the use of small tanks or ponds as watering holes for cattle by the iron-using people of the Black and Red Ware tradition (Gurukkal, 1986; K. Rajan, personal communication, 2004) . Local evidence from interior Karnataka suggests that the practice of controlling rainwater may even go back to the second millenium BC (Fuller et al., 2001 (Fuller et al., , 2004 . Archaeobotanical research on food production has also indicated that rice was adopted as a crop in Tamil Nadu during the late Iron Age, and certainly by the mid-first century BC (eg, Cooke et al., 2005) . In summary, the stage for an escalation of tank irrigation, sedentary agriculture and the expansion of paddy cultivation throughout the semi-arid interior, which is the main focus of this study, was set progressively during late Neolithic times. The tank irrigation system we depict over the last 2000 years was clearly not an overnight metamorphosis of the inhospitably dry South Indian environment.
Inventories of inscriptions on reservoir foundation stones (Srinivasan, 1991) suggest that tank construction increased significantly during the late Pallava and early Chalukya dynasties (AD 300 Á900). During that period of weakened SWM and cooler Eurasian temperatures (Figure 8 ), the emergence of runoff irrigation was promoted in the coastal fringe as well as in the drier areas of the hinterland (Srinivasan, 1991; Dikshit et al., 1993; Barah, 1996; Agarwal and Narain, 1997) , as well studied for the eighth and ninth centuries by Gurukkal (1986) in the coastal district of Ramanathapuram, for instance. The inference of a dynamically strengthened NEM at that time justifies a presumption of moisture stress caused by reduced cyclonic activity and a need for enhanced water conservation practices (Figure 7b) . Later, the Golden Age of Tanks (late Chola and Hoysala kingdoms, AD 937 Á 1336) coincided with an influx of brahmin immigrants from the north and encouragement by ruling Chola kings to settle the interior and expand away from the historical heartland represented by the relatively humid coastal zone and its Cauvery river delta. This partly explains the spurt of tank construction during this period. However, this period also coincides with the MWP (AD Â/900 Á1400), which was a time Storm development is favoured when SWJ-driven dynamic subsidence weakens, thus allowing air to rise cyclonically to elevations !/3 Á4 km (cell 1). When it is strong (b), subsidence over India prevails above the 4 km ceiling, and cyclogenesis is inhibited (cell 2). EJ: easterly jet of enhanced SWM. As a result, it seems entirely consistent to link these migration patterns and the promotion of rural development by the sovereign rulers with the favourable climatic conditions highlighted in this study. The imperfect SWM rainshadow zone of the Western Ghats (Figure 1b ) would have received a greater contribution from summer rainfall than today (Gunnell, 1997 (Gunnell, , 1998 , explaining accelerated tank development there also. The viability of the existing tank infrastructure in NEM-dominated southeast India was simultaneously boosted under stormier NEM conditions. During the LIA (AD Â/1500 Á1850), the SWM weakened again (Figure 8) . A new generation of larger tanks appeared throughout the South Indian drylands, and older reservoirs were extensively renovated (Dikshit et al., 1993; Barah, 1996) , suggesting that drier conditions in both summer and winter increased the need for optimizing the old infrastructure. Although few rainfall data are available, historical accounts of drought and famine between AD 1500 and 1850, particularly during the first half of the nineteenth century, are compiled in state and district Gazetters. Historical overviews by Ludden (1999) also confirm this situation. Tank development, however, declined after the seventeenth century because of wars and dwindling space for new water storage sites in the reservoirsaturated landscape (cf. Figure 2) . British rule later favoured large dam projects for commercial crops instead of the maintenance of indigenous structures. Historical accounts report village resourcelessness and a tangible state of disrepair of the tank infrastructure by the nineteenth century. In addition to the escalation of warfare and colonial interference in irrigation management, we suggest this was also linked to long-term LIA-related drought, leading to disuse and greater reliance on rainfed agriculture as a surrogate.
In sum, the historic expansion of runoff harvesting in India followed a sequence of pulses that closely mirror thermal fluctuations in mid-latitude Eurasia. Clearly, famine or crop failure can be caused by wars and other social factors, and systematic climatic determinism may obscure societal events that are equally important. Nevertheless, the chronology of tank irrigation suggests it was essentially driven by long-period NEM rainfall variability. Meanwhile, its design was tuned to chaotic rainfall behaviour in the high frequency time domain. Pure coincidence between climatic and social or technological factors could also explain the observed trends, but the coherence seems too systematic to be rejected as chance. Here, we therefore emphasize (i) that the evidence of climatic forcing as a key stimulus in the long-term pattern of tank construction is supported by the multimethod chronological correlation summarized in Figure 8 , but (ii) that the causal explanation for each historical peak of reservoir construction requires to be interpreted case by case. Two main forms of human response to the low-frequency fluctuating climatic conditions seem to have prevailed: in Figure 8 , peak 1 was presumably encouraged by lasting drought, and the need to increase water storage capacities. Dynastic stability and strong local political overlordship, vertically connected to the sovereign, made this possible. Peak 2, in contrast, reflects a society encouraged by the prospect of increasing economic prosperity through the new agricultural potential afforded by greater rainfall totals. This interpretation is supported by the documented influx to South India of northern migrants, and by the political design to develop the semi-arid interior through human settlement. By that time, and certainly after the thirteenth century AD, clan-based control over territory and resources was well developed, and charitable gifting by kings of entire new villages and their tanks to local lords as a means of securing political allegiance and military support of royal authority became commonplace. This certainly facilitated the rapid expansion of tank construction and patronage. Peak 3 reflects instead a need to buffer the consequences of LIArelated drought in a rural society where population densities had increased and the advantages of tank construction were now culturally and technologically deeply ingrained. However, the aspects mentioned earlier of warfare, colonial interference and landscape saturation in terms of suitable sites for new tank development conspire to explain that the rate of tank construction eventually declined before the LIA had run its course. After peak 3, although climatically the SWM situation (and hence also the NEM situation) appeared suitable for repeating conditions similar to peak 2, correlations between long-period climatic trends and tank construction no longer hold because scope for tank construction had declined because of a lack of space. Furthermore, other irrigation technologies were promoted by the British that were less dependent on in situ rainfall. Since the late twentieth century, tank construction has otherwise reached an all-time low because of the overwhelming success of mechanized groundwater irrigation. For completeness, Figure 8 shows a small resurgence of tank construction during the twentieth century (peak 4), which essentially refers to a post-Independence commitment from the governement to increase water storage capacity in the former muslim state of Hyderabad (Andhra Pradesh, Figure 1a) , where runoff and topographic conditions were suitable but where, for historical reasons, tanks had not flourished to the same level as in the neighbouring hindu kingdoms (von Oppen and Subba Rao, 1980) .
Palaeoanalogue forecasting of the NEM
Should Eurasia warm in the future as a consequence of greenhouse gas emissions, the logical forecast from the discussed palaeoanalogue is that South India in the future would become stormier during the NEM season. This hypothesis is consistent with recent global circulation models, which predict increased mean SWM precipitation and increased cyclone frequencies resulting from intensified meridional temperature gradients over Asia promoted by warmer Indian Ocean sea surface temperatures (SSTs), and by land warming faster than ocean. Feedbacks in the balance between Indian and Pacific SST forcing, respectively, and temperature gradients over Asia , however, remain complex given that warmer tropical Pacific SSTs mitigate SWM rainfall . Whether the Indo-Pacific zonal dipole dampens mean SWM ÁNEM anomaly patterns, or mostly increases overall variability (Royer et al., 1998; Lal et al., 2000) , therefore needs further investigation.
Loss of reservoir capacity because of tank siltation ( Figure  2 ) and enhanced water consumption by high-yield crop varieties have compounded the decline in storm frequency. Furthermore, tank-irrigated agriculture employs approximately five times more labour than rainfed agriculture. Given that the ratio of irrigated land to reservoir area rarely exceeds 1, tank irrigation is not a space-saving technology. A decline in the economic sustainability of tanks is thought to appear above threshold population densities of c. 200 per km 2 because of competition for land (von Oppen and Subba Rao, 1980) . As a consequence, since the early 1980s, the effort of co-opting water resources to agriculture has shifted from surface runoff as a CPR to groundwater as an unregulated, open-access resource. Although the ageing tank infrastructure provides a unique capacity for aquifer recharge of direct utility to groundwater irrigation, groundwater mining threatens sustainable water management (Agarwal and Narain, 1997; Gunnell and Anupama, 2003) . The options for survival under stress related to water scarcity are thus not exhausted to the point of 'collapse' of the Indian tank civilization, nor is the tank system becoming entirely fossilized because the currently popular ethos of local-scale 'participatory' resource management advocated by development agencies, governments and NGOs alike, is promoting the restoration of existing tanks. However, options have been dramatically reduced to very few. Resilient societies are nimble ones capable of evolving adaptively. Largescale desilting of tanks and measures to curb groundwater mining could help unlock the current water crisis and foster the time-tested sustainability of the tank system as an efficient risk mitigation strategy against climatic change.
Conclusion
Using power spectrum analysis of 60 Á100 year instrumental rainfall records in semi-arid southeast India, we elucidate the 2000-yr history of sustainable landscape-scale water harvesting for agriculture by linking the known stages of its development to variability of the Asian NEM. We also frame future research on the poorly documented NEM by outlining a qualitative model that highlights teleconnections between storminess, rainfall surpluses (eg, for agriculture), and mid-latitude temperature anomalies at a range of nested timescales relevant to the Holocene. This topic brings together climatic, hydrological, socioeconomic and cultural issues in both a historical and forward-looking perspective, and shows in a new light the empirical knowledge of climate as reflected in the cultural landscape. Furthermore, we anticipate that the highlighted linkages between climatic variability and long-term environmental variance management provide an exemplar that should guide policy-makers in water resource management across semi-arid India and Sri Lanka, but possibly also elsewhere.
This study also highlights the methodological advantages of performing low-pass and high-pass data filtering simultaneously, and producing variance maps in addition to timeseries analysis. Climatic studies of Indian monsoon rainfall commonly involve low-pass filtering of all-India data using widely spaced rain gauge stations. This has revealed, for instance, alternating 30 Á40 yr epochs of above-and belowaverage SWM rainfall between 1871 and 1990 (Parthasarathy et al., 1992) . However, interannual variability of rainfall based on monthly or seasonal data, and intraseasonal variability based on daily rainfall series, are always greater at the regional and local scales than for lumped all-India data. Strong spatial heterogeneity and short-term temporal variability is the rule, with no clear decadal-to century-scale periodicity. Applying subjective filtering techniques to large data sets without disaggregating the data and mapping geographic trends in fine detail is therefore apt to blur the effects of spatial and temporal heterogeneity that really matter hydrologically or biologically to particular locations, and for applied purposes such as water resource planning.
